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FTIRThe interaction of a model synovial ﬂuid, here a solution of 3 mg/mL hyaluronic acid (HA) in heavy water
(D2O), with an oligolamellar stack of lipid (DMPC) membranes on silicon support has been studied by neu-
tron reﬂectometry and infrared spectroscopy on the molecular scale at non-physiological and physiological
conditions. The system under investigation represents a simple model for lipid-coated mammalian joints
and other artiﬁcial implant surfaces. When exposed to pure D2O at 21 °C, i.e. below the main phase transition
of the system, the lipid membranes show a lamellar spacing of 65 Å. Heating to 26 °C results in detachment of
all lipid bilayers except for the innermost lipid lamella directly adsorbed to the surface of the silicon support.
On the contrary, when incubated in the solution of HA in D2O the oligolamellar lipid system starts swelling. In
addition, heating to 39 °C does not result in loss of the lipid membranes into the liquid phase. The interfacial
lipid coating adopts a new stable lamellar state with an increase in d-spacing by 380% to 247 Å measured
after 43 days of incubation with the model synovial ﬂuid. Potential consequences for joint lubrication and
protective wear functionality are considered.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
One of the main components of synovial ﬂuid is hyaluronic acid
(HA), a high molecular weight polysaccharide [1]. HA is involved in
a wide range of processes in the human body, such as wound healing,
tumor progression and joint lubrication [2–4]. As for the latter, also
phospholipids play an important role. In mammalian joints they
cover the cartilage of opposing bones and are also part of the synovial
ﬂuid that ﬁlls the joint cavity [5]. It is claimed, that in particular the
combination of phospholipids and HA plays an import role in lubrica-
tion. The oligolamellar coating of surface-active phospholipids
(SAPLs) is seen as an acting back-up boundary lubricant, while HA
is thought to possess ‘carrier’ functions for the lipids. The latter is as-
cribed to HA showing good wetting properties for SAPLs and those in
turn would be needed to promote hydrodynamic lubrication of very
hydrophobic articular surfaces by an aqueous ﬂuid under load [6]. Re-
cent investigations on animal joints conﬁrmed that intraarticular in-
jections of phospholipids and HA reduce friction by acting as a
boundary lubricant, thus protecting articular cartilage from degener-
ative changes in experimental osteoarthritis [4]. Oligolamellar lipid
coatings are also proposed on longer lasting metallic body implants
for generating biomimetic interfaces and for facilitating desired
cell–implant interactions [7]. Combined appearance of lipids and HA).
l rights reserved.thus seems to trigger, invoke or carry important functionality in
many biologically relevant processes.
HA is a polysaccharide whichmight interact with lipid membranes
in a manner that is related to the interaction of mono- and disaccha-
rides with such biomembranes [8]. To the best of our knowledge no
structural investigations of oligolamellar lipid coatings in contact
with HA on a molecular scale have been conducted up to now. Such
insight, however, is beneﬁcial for applications like diagnosing and
healing of arthritis, which is a widely spread damage of human joints,
or for the design of artiﬁcial joints [9,10]. Keeping the different en-
counters of HA with lipids in mind, three questions arise: (i) How
does HA inﬂuence the structure and stability of lipid coatings? (ii)
How does HA interact with cell membranes? (iii) How does the inter-
action of HA with lipids inﬂuence joint lubrication?
Answers to queries (i) to (iii) in a bottom-up approach all rely on
solving problem (i) in the ﬁrst place. For this reason we investigated
the interaction between solid-supported lipid membranes and aque-
ous solutions of HA on the molecular scale. Special emphasis was
laid on the molecular organization of the lipid boundary layer in con-
tact with pure aqueous phase and solutions of HA in aqueous phase,
respectively. This was achieved by utilizing two complementary
surface-sensitive techniques, namely neutron reﬂectivity (NR)
[11,12] and attenuated total reﬂection‐Fourier transform infrared
spectroscopy (ATR-FTIR) [13].
NR is most suitable for the assessment of solid–liquid interfaces as
crystalline solids such as silicon or sapphire are transparent to neu-
trons [14,15]. In addition, interfacial structures like an oligolamellar
stack of lipid membranes can be highlighted by appropriate contrast
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density proﬁle along the z direction, i.e. perpendicular to the inter-
face, we selected lipids and HA as hydrogenous compounds and
heavy water, D2O, instead of light water, H2O, for maximum neutron
contrast between lipid molecules and liquid phase.
ATR-FTIR provides insight in the conformation of molecules at the
interface. As silicon is also transparent for infrared light in the range
of 7000–900 cm−1 the same solid–liquid interface can be probed by
NR and ATR-FTIR [17]. We used D2O instead of H2O to access charac-
teristic regions of the spectrum which match with the vibrational
modes of tail groups as well as head groups of the utilized lipid mol-
ecules. The changes of infrared absorbance in these regions reveal in-
formation about phase transitions of the lipid molecules and potential
interactions between lipids and HA, respectively.
We succeeded in preparing oligolamellar lipid coatings on silicon
substrates in a reproducible way and performed NR as well as ATR-
FTIR studies on their stability and interaction with their liquid envi-
ronment. The lipid coatings were incubated in either solutions of
HA in D2O or in pure D2O for reference.
2. Materials and methods
2.1. Chemicals
1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid was
purchased from Avanti Polar Lipids, Inc., Alabaster, Alabama, US, and
used as received. Hyaluronic acid (sodium salt, streptococcus sp.),
molecular weight Mw=769000 Da, was from Merck. Ultrapure
water was obtained by using a Milli-Q puriﬁcation system
(resistance>18.2 MΩ cm) and D2O was purchased from Aldrich
(purity≥99.9 at.% D). Ethanol, absolute puriss. grade, was from
Sigma-Aldrich, chlorophorm, uvasole grade, was from Merck.
2.2. Substrates
Disk-shaped silicon wafers (substrates A and B: 60 mm in diame-
ter and 10 mm thickness) and a block-shaped silicon wafer (substrate
C: 80 mm length×50 mm width×15 mm thickness) were supplied
by Siliziumbearbeitung Holm (Tann/Ndb., Germany).
2.3. Sample preparation
All substrates (A, B and C) were cleaned for 1 h in an ethanol bath
and subsequently rinsed for 10 min in ultrapure water. Lipid coatings
were prepared on the pre-cleaned substrates (A, B and C) by spin-
coating from 10 mg/mL lipid solutions in chloroform at a speed of
4000 rpm, using a spin-coater (model 6708D, SCS, US) and following
the procedure described by Mennicke and Salditt [18]. Lipid-coated
substrates were inserted in a sample cell for investigations of solid–
liquid interfaces within 1 h after preparation and initially exposed
to a liquid D2O fronting phase. Liquid phases were either pure D2O
or a solution of 3 mg/mL HA in D2O (0.2% volume fraction of HA in
99.8% D2O), the latter matching the concentration of HA as found in
mammalian synovial ﬂuids [1,19,20]. HA was dissolved in D2O by stir-
ring for 20 min at room temperature utilizing a magnetic stirrer.
2.4. Sample cell
Neutron reﬂectivity measurements were performed utilizing a
homemade solid–liquid sample cell [21]. The lipid-covered surface
of the respective silicon substrate was pressed against a Teﬂon
trough, which was ﬁlled by the liquid phase and sealed against the sil-
icon substrate with an O-ring. The centerpiece ‘lipid-coated silicon
substrate/Teﬂon trough’ was then sandwiched between two temper-
ature adjustable aluminum plates connected to an outside water bath.
Temperature readings from the silicon–solution interface were takenwith a thermometer (PT100) placed inside the Teﬂon base. Further
details of the cell are described elsewhere [21].
2.5. Neutron reﬂectivity
Neutron reﬂectivity experiments were performed at V6 and
V18 instruments at Helmholtz-Zentrum Berlin (HZB). Due to the
transparency of silicon for neutrons, the neutron beam accessed the
silicon–solution interface through the silicon substrate (backing).
The reﬂected neutrons were recorded in θ/2θ geometry and normal-
ized to the measured incident intensity I0 to obtain the reﬂectivity
curve of the interface. All curves are displayed as a function of the
scattering vector Q:
Q ¼ 4π⋅ sin θð Þ=λ ð1Þ
where λ is the neutron wavelength and θ the angle between the
solid–liquid interface and the incident neutron beam.
The V6 instrument is a monochromator-based neutron reﬂectom-
eter. A neutron wavelength of λ=4.66 Å was selected by a pyrolytic
graphite crystal PG 002 located in the incident white beam. The an-
gular resolution was set by a slit system on the incident side
resulting in scattering vector resolution, ΔQ, of 0.001 Å−1 for
Qb0.0518 Å−1, and 0.002 Å−1 otherwise. The scattered neutrons
were recorded stepwise with a 3He-detector. Background intensity
was measured simultaneously with a second 3He-detector, offset
from the one at specular position by Δ(2θ)=0.44°. The measured in-
tensity was corrected for varying footprint of the incident beam on
the interface as a function of incident angle θ [22]. Further details
on V6 can be found elsewhere [23].
The V18 instrument (BioRef) is a time-of-ﬂight (TOF) neutron re-
ﬂectometer [24,25]. With a selected chopper frequency of 25 Hz the
samples were measured at 5 different angular positions θ to cover a
Q-range from 0.0050 Å−1 to 0.3563 Å−1 in total. The resolution was
set to a constant value of 7% in Δλ/λ over the Q-range probed. The
scattered neutrons where recorded with a position sensitive area de-
tector (PSD) (DENEX, Lüneburg, Germany) consisting of a 3He ﬁlled
wire chamber.
2.6. NR data analysis
2.6.1. Bragg analysis
The measured neutron reﬂectivity curves showed interference
fringes arising from neutrons that were reﬂected at the interface ‘sub-
strate/lipid coating’ and neutrons that were reﬂected at the interface
‘lipid coating/liquid fronting’. These so-called Kiessig-fringes repre-
sent the total ﬁlm thickness, t, of the oligolamellar lipid coating in re-
ciprocal space. By applying Bragg's law t was read out from the
distance ΔQK between adjacent Kiessig maxima according to
t ¼ 2π=ΔQK: ð2Þ
In addition, the measured reﬂectivity curves showed characteris-
tic Bragg peaks at positions QB,n up to nth order, which evolved
from interference of neutrons that were reﬂected from the one di-
mensional grating composed of individual lipid lamellae within
the oligolamellar stack (see Fig. 1). The latter peaks contain infor-
mation on the spacing, dl, of individual lipid lamellae within the
coating. The lamellar spacing dl was extracted from the measure-
ments by applying Bragg's law as:
dl ¼ 2π  n=QB;n ð3Þ
2.6.2. Optical matrix ﬁtting
Further to above simple analysis yielding values for t and dl, the
experimental reﬂectivity curves were analyzed by applying a
Fig. 1. Model of an oligolamellar lipid coating against excess D2O in the experimental
setup. The innermost lamella (1), directly attached to the silicon oxide layer (0), is
followed by a number of core lamellae (2). The stack of lamellae is covered by an
outer lipid lamella (3). The individual lipid bilayers are separated by solution inter-
layers (4). A single lipid lamella leaﬂet is modeled as a bilayer of lipid chains (5)
with head group layers (6) on either side including one adjacent solution interlayer.
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reﬂectivity of stratiﬁed media [11,26]. That kind of analysis yields in
addition to t and dl values for scattering length density, SLD, and
roughness, σ, of the individual strata of the system under investiga-
tion. Fig. 1 shows the model representing our solid-supported lipid
ﬁlm against its liquid fronting phase. The incident neutron beam
travels through the silicon backing and hits the native SiOx layer, 0,
represented in dark gray. It then probes the adsorbed lipid lamella,
1, the core of the lipid coating, 2, and the terminal lipid lamella, 3, di-
rectly exposed to the liquid fronting phase. Each lipid lamella consists
of one lipid bilayer (membrane) and its adjacent aqueous interlayer,
IL, 4. A single lipid membrane within a lamella is described by its hy-
drophobic core layer of lipid tails, 5, with hydrophilic head group
layers, heads, 6, at either side. The lamellar spacing dl is thus the
sum of dheads, dtails, dheads, and dIL in that order. Note that the solution
interlayer adjacent the terminal lipid bilayer is merged with the ex-
cess liquid phase. Thickness and SLD of each layer were subject to
ﬁtting. Roughness of the different interfaces was set to zero. This
turned out to be a reasonable approach for the Q-range probed within
the experiments and it further cuts down the number of variable pa-
rameters. Additional constraints were introduced by plugging in the
results of the simple Bragg analysis into the ﬁtting approach: The
number N of lamellae within a stack is given as
N ¼ t=dl: ð4Þ
2.6.3. Fourier analysis
Reﬂectivity curves containing higher order Bragg peaks were fur-
ther evaluated by classical Fourier analysis [27]. That way we
obtained the scattering length density proﬁle of a single lipid lamella
(1D unit cell), Sexp(z), independently from the box-model ﬁtting:
Sexp zð Þ ¼
2
dl
Xnmax
n¼1
Fn cos
2πnz
dl
 
ð5Þ
with z=0 being the center position of a lipid bilayer. The scaled
structure factor Fn was calculated by using the Lorentz corrected inte-
gral intensity of a single Bragg peak of order n [27].
2.7. Infrared spectroscopy
ATR-FTIR experiments on multilamellar DMPC stacks were per-
formed with a commercially available in situ unit (BioATR II,Bruker, Germany). Here, a mirror setup guided the infrared beam
to the inclined entrance surface (45°) of a silicon crystal. After 11
internal reﬂections with a penetration depth into the liquid phase
of 0.5–0.7 μm at each inclination point and thus a total sampling
length of 6–8 μm in the boundary liquid phase, the beam left the
crystal at the inclined exit surface (45°) to the detector. The crystal
had a base plane of 2 mm radius, which was in direct contact with
a 30 μL liquid volume. The unit was temperature-controlled using a
water bath and installed on an FTIR spectrometer (Tensor 27,
Bruker Optik GmbH, Germany).
ATR-FTIR experiments on oligolamellar DMPC stacks were per-
formed with a home-made setup described in reference [28]. The dif-
ference between the two set-ups is in the path length lIR of the
infrared beam through the respective silicon crystals. For BioATR II
lIR=2.4 mm, while for the home made set up at BioRef
lIR=106.1 mm. At BioRef the path length of the IR beam through sil-
icon is thus larger by a factor of 50. The main effect of the increased
path length on the ATR-FTIR spectra is in the ﬁngerprint region
from 1800 to 900 wavenumbers. Here, strong absorption by the
large silicon crystal sets in below 1500 cm−1. Therefore, all signals
from the lipid headgroups below 1500 wavenumbers have limited ac-
cessibility with the BioRef setup (see also Fig. 7).
ATR-FTIR spectra were recorded with a nitrogen cooled MCT de-
tector using a spectral resolution of 4 cm−1 and 128 scans per spec-
trum. Data processing was carried out with the Opus software
package (Bruker Optik GmbH, Germany). Infrared spectral intensities
of the lipid-coated ATR crystal against the respective liquid phase, (I),
were normalized on infrared spectral intensities of the non-coated
ATR-crystal against the respective liquid phase, (I0), using the follow-
ing equation:
Absorbance ¼− ln I=I0ð Þ: ð8Þ
All absorbance spectra are displayed as a function of wave
number ~ν:
~v ¼ v=c ð9Þ
with c being the speed of light in vacuum and ν the frequency
of the electromagnetic wave.
Multilamellar lipid coatings on the ATR-crystal were prepared by
ﬁlling the liquid chamber with 30 μL of a 10 mg/mL solution of
DMPC in chloroform and allowing the chloroform to evaporate over-
night. This protocol resulted in thick lipid multilayer ﬁlms. For in situ
measurements the liquid chamber of the sample cell was then ﬁlled
with 30 μL of the respective liquid phase and sealed for the
measurements.
Oligolamellar lipid coatings on the large ATR-crystals were pre-
pared by spin-coating as described in the section “Sample
preparation”.
3. Results
3.1. Oligolamellar lipid coatings against D2O and the effect
of temperature
Fig. 2 shows the neutron reﬂectivity of an oligolamellar DMPC
coating on silicon backing against pure liquid D2O (sample A) at
two different sample temperatures, at 21 °C, i.e. below the bulk
main phase transition temperature, TM=24 °C, [29] and at 26 °C, i.e.
above TM. Obviously, the two reﬂectivity curves are very different.
While the curve at 21 °C (TbTM) shows Kiessig-oscillations with a
frequency of ΔQK=0.0127±0.0005 Å−1 and a ﬁrst order Bragg
peak at Q1=0.0960±0.0001 Å−1 the curve at 26 °C (T>TM) displays
a monotonic decay of reﬂectivity with Q above the total reﬂection
edge (TRE) at Qc=0.0138 Å−1.
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Fig. 2. Neutron reﬂectivity curves of an oligolamellar lipid bilayer coating on top of sub-
strate A measured against D2O at 21 °C (black circles) and after heating to 26 °C (red
triangles) with its model ﬁts (lines). The inset shows the corresponding scattering
length density (SLD) proﬁles across the solid–liquid interface at 21 °C and 26 °C,
respectively.
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curve at 21 °C the total ﬁlm thickness t of the oligolamellar DMPC
coating in its gel state (TbTM) is 494±18 Å with a lamellar spacing
dl of 65.4±0.1 Å. Thus, the lipid stack comprises 7.6±0.3 individual
lipid bilayer leaﬂets.
The results of the Bragg analysis were taken for input in the optical
matrix ﬁtting routine. The oligolamellar DMPC coating was sub-
divided into the adsorbed lipid lamella, a core consisting of 6 lamellae
and a terminal (outer) lipid lamella making up a total of 8 lipid lamel-
lae. The ﬁrst lipid bilayer was presumed to directly adsorb with its
head groups to the native silicon oxide layer in concordance with ear-
lier ﬁndings [16]. Varying thickness and SLD of the individual layers of
the model system resulted in a calculated reﬂectivity curve which is
in good agreement with the measured one (see Fig. 2). The parame-
ters of the best ﬁt are summarized in Table 1 and the corresponding
SLD proﬁle is displayed in the inset of Fig. 2.
The reﬂectivity pattern observed for T>TM at 26 °C was well ﬁtted
by simply re-adjusting the model describing the lipid coating for
TbTM: deleting core and terminal lipid lamellae from the model andTable 1
Best ﬁt parameters extracted from the neutron reﬂectivity measurements.
Sample A @21 °C in D2O
d
[Å]
SLD×10−6
[Å−2]
Substrate Silicon N/A 2.07
Silicon oxide 18 3.48
Inner lamella Head group 8 4.01
Tail group 35 1.50
Head group 14 4.14
HA layer – –
Core lamellae Solution interlayer 10 6.25 g ×HA layer – –Head group 10 3.64Tail group 34 1.79Head group 10 3.64
HA layer – –
Outer lamella Solution interlayer 16 6.25
HA layer – –
Head group 11 3.75
Tail group 34 2.07
Head group 8 5.89
HA layer – –
Solution Bulk solution N/A 6.25
Goodness of ﬁt χ² 2.58×10−2for the remaining single lipid lamella reducing the SLD of tail strata
from 1.5·10−6 Å−2 to 0.5·10−6 Å−2 and SLD of the outer head strata
of that lamella from 4.14·10−6 Å−2 to 3.9·10−6 Å−2, respectively,
resulted in a perfect match with the experimental curve (see Fig. 2
and Table 1). Hence, only the directly adsorbed lipid membrane
remained bound to the interface at an elevated sample temperature in
concordance with literature [16,30].3.2. Oligolamellar lipid coatings incubated in a solution of HA in D2O and
the effect of time
A freshly prepared oligolamellar lipid coating (sample B) was incu-
bated in a solution of HA in D2O at TbTM (20 °C) and a ﬁrst reﬂectivity
curve recorded within 10 h after incubating the solid-supported lipid
coating with the model synovial ﬂuid. The measured Bragg peak posi-
tionwas close to the one observed for sample A against pure D2O. Inter-
estingly, the Kiessig-oscillations were not resolved in case of sample B.
Close inspection of the Bragg peak position atQ1=0.0949 Å−1 revealed
a repeat distance of dl=66.2±0.1 Å against HA in D2O, which is greater
by 0.76 Å than that against pure D2O. Subsequent measurements dis-
closed ongoing structural changes of the lipid coating. As can be seen
from Fig. 3 there was a continuous decay in intensity of the Bragg
peak at 0.0949 Å−1 and a simultaneous evolvement of additional
Bragg peaks at lower Q with time. The two new Bragg peaks appearing
between 0.02 Å−1 and 0.04 Å−1 and between 0.05 Å−1 and 0.07 Å−1,
respectively, are the ﬁrst (n=1) and second (n=2) order Bragg
peaks of a new lamellar phase Lp with repeat distance dp of the lipid
coating against the solution of HA in D2O.
For close inspection of the observed time dependence we investi-
gated the Bragg peak areas, which are proportional to the number of
layers contributing to the respective lamellar phases. In order to ana-
lyze the scattering curves independent of the reﬂectivity from the sil-
icon substrate (Fresnel reﬂectivity) the curves were normalized on a
simulated Fresnel reﬂectivity curve, RF, from the “clean” silicon sub-
strate, i.e. a reﬂectivity curve calculated by omitting the lipid coating
from the model while keeping all other parameters ﬁxed. The Bragg
peaks corrected for RF were then integrated numerically to obtain
the corresponding areas A1, Ap1 and Ap2, respectively. The result of
this analysis is depicted in Fig. 4. A1 decays with time over 90 h
while the sum of Ap1 and Ap2 continuously increases. Interestingly,Sample A @26 °C in D2O Sample C @39 °C in HA+D2O
d
[Å]
SLD×10−6
[Å−2]
d
[Å]
SLD×10−6
[Å−2]
N/A 2.07 N/A 2.07
18 3.48 10 3.48
8 4.01 12 3.93
34 0.74 36 1.53
8 1.80 9 4.89
– – 26 5.91
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Fig. 3. Subsequent neutron reﬂectivity curves of an oligolamellar DMPC lipid coating,
sample B, incubated in a solution of HA in D2O and measured at 20 °C as a function
of incubation time. The time displayed indicates the starting point of each respective
reﬂectivity measurement. A single measurement took 3 h of measurement time.
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bottom part).
3.3. Oligolamellar lipid coatings incubated in solutions of HA in D2O and
the effect of time and temperature
In order to investigate variations of the new lamellar phase Lp at
physiologically relevant temperature T>TM, here 39 °C, a freshly pre-
pared oligolamellar lipid coating (sample C) was measured. A ﬁrst
neutron reﬂectivity curve was recorded directly after incubation of
sample C in a solution of HA in D2O at 21 °C (TbTM). The Bragg
peak at Q1=0.0959 Å−1 matched well with the one found for sample
A against pure D2O at that temperature. The appearance of Kiessig-
oscillations, though less pronounced, with a spatial frequency of
ΔQK=0.0085 Å−1 revealed a total thickness of that DMPC coating
of t=739±40 Å. Thus, this interfacial DMPC ﬁlm consisted of
0.0959 Å−1/0.0085 Å−1=11 individual lipid bilayers. The sample
was measured again 43 days after incubation in the solution of HA in
D2O, 10 days after sample temperature was increased to 39 °C. The re-
sult of this measurement is shown in Fig. 5. In contrast to sample A, in-
cubated in pure D2O, the lipid layer C incubated in a HA solution did not0.0
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Fig. 4. Integrated Bragg peak area A1 (green circles) of Lβ, and Ap=Ap1+Ap2 (red
squares) of ﬁrst and second order peaks of the Lp phase measured at 20 °C over time.
The bottom graph shows the total sum: A=A1+Ap (black stars).show detachment at elevated temperature T>TM. On the contrary, the
recorded reﬂectivity curve contained ﬁve well pronounced Bragg peaks
within the Q-range 0.005–0.164 Å−1. The positions of those Bragg
peaks, QB,n, fell on a regression line when plotted against their number
n and starting at n=1 for QB,1=0.0292 Å−1:
QB;n ¼ 2π=dp
 
⋅nþ const: ð10Þ
Hence, the series of Bragg peaks with n=1,…, 5 corresponds to
the same repeat distance dp of the new lamellar phase Lp at 39 °C
with dp=247±1 Å. The intercept const was 0.0033±0.0003 Å−1
and is little larger than the resolution of ΔQ=0.002 Å−1 at the higher
order Bragg peak positions. The experimental curve did not reveal
Kiessig-oscillations anymore at this stage of the experiment.
In addition to above Bragg analysis we applied the more elaborate
optical matrix ﬁtting approach. One pre-condition in setting up the
corresponding model was the total number of repeat units (lamellae)
of 11, taken from the Bragg analysis of the ﬁrst measurement of sam-
ple C at TbTM and presuming that there was no unbinding of any of
the lipid lamellae against HA in D2O. To achieve good ﬁt to the exper-
imental data we had to expand the aqueous interlayer thickness dras-
tically from 10 to 142 Å. Further, two more layers had to be inserted
between the lipid head groups and the aqueous interlayers at either
side of the core lipid membranes. Those additional layers were slight-
ly reduced in SLD as compared to the SLD of the aqueous interlayers.
The reduction in SLD indicated enrichment in protonated compounds,
here HA. For the very reason we labeled these additional strata “HA
layers” (Fig. 5). With those alterations and by varying other d- and
SLD parameters within physically meaningful limits we achieved an
excellent match with the data (see Fig. 5). The best ﬁt parameters
for sample C are summarized in Table 1 and the resulting SLD proﬁle
is depicted in the inset of Fig. 5.
The appearance of Bragg peaks up to the ﬁfth order (nmax=5)made
it possible to obtain the scattering length density proﬁle SLDexp(z) of the
1D unit cell of the oligolamellar lipid coating exposed to HA in D2O by
Fourier analysis as described in Section 2.6.3 (Eq. (5)) independent of
a particular SLDmodel. In order to gain information about the distribu-
tion of HA in the experimental SLD proﬁle of the unit cell we con-
structed a theoretical scattering length proﬁle Stheo(z) comprising
lipid and D2O, but without HA, following the procedure described by
Wiener and White [31]. In brief, a unit cell is subdivided into a number
of x quasimolecular groups. Each group i at a position zi is represented
by a Gaussian probability distribution and multiplied by its group neu-
tron scattering length Si. The sum over all distributions results in a cal-
culated scattering length proﬁle Stheo(z) of a single unit cell:
Stheo zð Þ ¼
Xx
i¼1
Si
res
ﬃﬃﬃ
π
p exp − z−zi
res
 2  ð11Þ
res ¼ dp
2nmax
ð12Þ
where res is the experimental resolution of the measurement.
According to Eq. (11), we subdivided a DMPC molecule in ﬁve
quasimolecular groups: methyl (CH3), myristoyl (2×C12H24), glycerol
(C5H5O4), phosphate (O4P) and choline (C5H13N). We further as-
sumed a cylinder of pure D2O molecules as a conjunction between
two neighboring bilayers. To evaluate the number of D2O molecules
in the cylinder we used the following estimations: the volume V of
the cylinder adopts the area, AM,DMPC, of one DMPC molecule of
63 Å2 [32] and its height is the difference between the lamellar spac-
ing dp (247 Å) and the thickness of one DMPC bilayer dDMPC of 48 Å
[32]. Hence, V=AM,DMPC·(dl−dDMPC)=12,537 Å3.
Dividing V by the volume of a water molecule (30 Å3) gives the
number Nw of D2O molecules in a cylinder of Nw=418. In the
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Fig. 5. Left: neutron reﬂectivity of the oligolamellar lipid bilayer coating C against a solution of HA in D2O at 39 °C (red circles) with its model ﬁt (line). The inset shows the
corresponding scattering length density (SLD) proﬁle across the solid–liquid interface. Right: cartoon of the modiﬁed model of the oligolamellar lipid coating against HA in D2O,
based on the model shown in Fig. 1. The individual lipid bilayers are separated by solution interlayers (4). A single lipid lamella is modeled as a bilayer of lipid chains (5) with
head group layers (6) on either side. New are the additional liquid strata HA, enriched in hyaluronic acid, and sandwiched between lipid heads (6) and solution interlayers (4).
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to one lipid molecule of a bilayer leaﬂet and are represented by 10
quasimolecular groups with the scattering length density of D2O. All
values used are summarized in Table 2.
A comparison between Stheo(z) and Sexp(z) is shown in Fig. 6. The
difference proﬁle represents the difference between Stheo(z) and
Sexp(z). All proﬁles are normalized by the area AM,DMPC of one DMPC
molecule. The maximum difference between the two proﬁles arises
at z=±44 Å, indicating protonated regions close to the head groups
of the lipid molecules. The difference in SLD as seen in Fig. 6 reveals a
volume fraction of 12% HA in 88% D2O in the center of the protonated
region using Eq. (13) and presuming isotopic exchange of all dis-
placeable H by D for HA in D2O. With 11 potentially displaceable hy-
drogen atoms per HA monomer the scattering length density of HA
shifts from 1.46·10−6 Å−2 to 3.19·10−6 Å−2 based on a mass den-
sity of HA of 1 g/cm3 [33].
ϕD2O ¼
SLDexp−SLDHA
SLDD2O−SLDHA
: ð13Þ
3.4. Lipid coatings probed by ATR-FTIR
The impact of our model synovial ﬂuid on the supported DMPC
membranes was further monitored by surface sensitive infrared spec-
troscopy. Figs. 7 and 8 show the IR absorbance of oligolamellar andmul-
tilamellar lipid coatings against D2O and against solutions of HA in D2O,
respectively, at 20 °C (TbTM) and 26 °C (T>TM) as a function of the
wave number of the incident IR beam. Measured absorption bands
were compared to literature [34,35]. The characteristic absorption
bands of the lipid head groups are clearly visible at low wave numbers
(Fig. 7) in case of the multilamellar reference systems: the asymmetric
and symmetric stretching modes of the phosphate groups (PO2) at
1241 cm−1 and 1087 cm−1 as well as the absorption band of the nitro-
gen groups (N+(CH3)3) at 970 cm−1 are well resolved. In case of the
oligolamellar systems we found a strong reduction of the signals from
the headgroup region in the range 1800≥ν≥1100 cm−1 and complete
loss of the signals for ν≤1100 cm−1 due to strong IR absorption by theTable 2
Parameters for SLD proﬁle calculation by Fourier analysis. Values for scattering length Si an
i 1 2 3
Quasimolecular group CH3 2×C12H24 C5H5O4
Si [10−5 Å] −9.14 −19.97 37.70
zi [Å] 0 7 15large silicon crystals and the reduced amount of lipids used in that case
(BioRef setup). Utilizing those crystals for the investigation of the
oligolamellar lipid stacks is dictated by the preparation of the lipid lin-
ings by spin coating and by reproducibility reasons (ATR-FTIR crystals
being similar in size to the crystals used for NR investigations). In addi-
tion, the important region of the stretching vibrations of the aliphatic
chains, which monitors the phase transition of the lipid stacks, is
much less affected by reduced signals and hence, does not hinder
usage of the larger Si crystals at all.
The carbonyl groups (C=O) absorb at 1735 cm−1. The alkane
groups (CH2) show prominent absorption bands at 2918 cm−1,
2850 cm−1 and 1468 cm−1 corresponding to the asymmetric and
symmetric stretching and the scissoring mode, respectively, at 20 °C
(Figs. 7 and 8). By raising temperature to 26 °C, i.e. moving in sample
temperature from TbTM to T>TM, a concurrent shift of the asymmet-
ric and symmetric stretching mode of the alkane groups from 2918 to
2921 cm−1 and from 2850 to 2852 cm−1, respectively, was observed.
That shift in wave number of the absorption bands proofs the phase
transition from the chain-ordered to the chain-disordered state of
the solid-supported lipid coatings [34].
In a second series of experiments oligo- and multilamellar DMPC
coatings were incubated in a solution of 3 mg/mL HA in D2O. Consec-
utively, the infrared absorption of the solid-supported lipid multi-
layers against the aqueous phases was measured at 20 °C and 26 °C
(Figs. 7 and 8).
In the lipid tails region (Fig. 8) the measured difference in the ab-
sorption maxima against D2O and HA+D2O, respectively, of the sym-
metric, νs, and asymmetric CH2 stretching vibrations, νas, is within
1 cm−1. Corresponding shifts with temperature are within
2–3 cm−1 (Δνs) and 1–2 cm−1 (Δνas). Although the absorbance is
much reduced in case of the oligolamellar lipid stacks, by a factor of
3 against D2O and by a factor of 7 against HA+D2O, the data reveal
identical behavior of oligo- and multilamellar systems with respect
to their acyl chain response to incubation with HA and with respect
to temperature.
The positions of the C=O and CH2 vibrational modes of oligo- und
multilamellar lipid stacks in the ﬁnger print region (Fig. 7) ared position zi are from literature [31,74].
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Fig. 6. Calculated bilayer proﬁle Stheo for a pure DMPC/D2O sample (blue dash-dotted
line) and measured bilayer proﬁle Sexp for a DMPC/HA+D2O sample (red line) with
95% conﬁdence limit (orange curves) as a function of distance z from the bilayer center.
Sexp(z) shows a region with lower scattering density close to the head group region
(left axis). The difference proﬁle Sdiff(z) is shown as green dots (right axis).
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Fig. 7. ATR-FTIR spectra of multi- (top) and oligolamellar DMPC coatings (bottom)
against D2O and a solution of HA in D2O, respectively, in the ﬁngerprint (head group) re-
gion. Note the strong absorption by the large silicon crystal below 1500 cm−1 (BioRef
setup) utilized for measurements on the oligolamellar lipid linings. For further details
see text.
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Fig. 8. ATR-FTIR spectra of a multi- (top) and oligolamellar DMPC coatings (bottom)
against D2O and a solution of HA in D2O, respectively, in the acyl chain region. Note
the shift in wave number for the asymmetric CH2 stretching mode from 2918 to
2921 cm−1 and for the symmetric CH2 stretching mode from 2850 to 2852 cm−1
upon transition from the Lβ state (20 °C) to the Lα state (26 °C). There is no shift in po-
sition of lipid tail vibrational modes upon incubation of the lipid coatings with the so-
lutions of HA in D2O as compared to pure D2O. For further details see text.
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tems. It is only the position of the PO2 vibration that differs by
7 cm−1 for multi- and oligolamellar DMPC stacks. In addition, it van-
ishes after incubation with HA for the latter system. This observation
might indicate a direct interaction of HA with the head groups of the
oligolamellar stacks. However, further experiments with an experi-
mental set-up not hindered by the absorption of the large silicon crys-
tal used here are necessary to conﬁrm that effect.4. Discussion
4.1. Lipid coatings incubated in pure D2O
By applying a preparation protocol based on the procedure de-
scribed by Mennicke and Salditt [18] we were able to fabricate orient-
ed oligolamellar lipid coatings comprising a controlled number of
individual lipid bilayer membranes within a very narrow range of
N=9±2, see also ref [16]. The lamellar repeat distance dl of our
lipid ﬁlms as measured against excess D2O at 21 °C corresponds
well with the d-spacing reported for the gel-like lamellar phase Pβ'
of fully hydrated DMPC multilayers [36,29].
From the detailed analysis of the reﬂectivity data (see Table 1) the
thickness of the hydrophobic core of one single DMPC bilayer
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ing a sequence of 2×(12×1.27 Å+1.5 Å)=33.48 Å for the –(CH2)11–
CH3 H3C–(CH2)11– acyl chain region in all-trans conformation and the
van der Waals radii of the terminal H atoms within a conﬁdence level
of 98%. The deviations of measured SLD from expectation are more
pronounced. The extracted value of 1.79·10−6 Å−2 for the tail strata
compares less favorably with the expected SLD of −0.28·10−6 Å−2
for a uniform condensed acyl chain layer [37]. The likely explanation
for the observed increase in SLD in our case is the intrusion of water
into the tail strata. Based on Eq. (13) one calculates a volume fraction
of D2O of 0.32 within the hydrophobic core of the lipid membranes in
line with observations reported from other solid-supported lipid
membrane systems [38,39]. Although validated by computer simula-
tion [40] the large amount of water observed here is unlikely distrib-
uted homogenously within the alkane slabs for energetic reasons.
Defects due to hole formation as observed in single DPPC bilayers
spread on silicon surfaces in water by AFM is certainly more likely.
In the latter system the hole fraction was 30±20% [38]. Based on
that observation, in the system described here, formation of water
channels across the individual lipid membranes seems reasonable
and has also been observed in other lipid and surfactant systems
[41,42]. Those water channels would fragment the oligolamellar
lipid coating parallel to the substrate and resulted in a patchwork
morphology of aligned lipid membrane platelets. The latter structure
corresponds to a brick-and-mortar model as proposed for stratum
corneum on a larger length scale [43,44]. The water channels must
be smaller than the coherence length of the incoming neutrons, i.e.,
smaller than ∼1 μm, as approaches of ﬁtting the data by incoherent
superposition of plain and lipid covered surface areas were out by a
factor of 10; i.e., they yielded χ2 values that were one order of magni-
tude larger than those of the best coherent (box model) ﬁt.
The thickness of the lipid head groups matches closely with the
value of 9 Å reported by Büldt and co-workers for hydrated DMPC
membranes [45]. Presuming the lower limit of 319 Å3 for the volume
Vh of a DMPC head group [46] for TbTM, the measured scattering
length density SLDhg of the head group layers at 21 °C is brought
about by a hydration shell of nw=8 water molecules per lipid head:
nw ¼
SLDhgVh−Sh
SD2O−SLDhgVD2O
: ð14Þ
Sh=5.071·10−4 Å stands for the total scattering length of the
lipid head, SD2O=1.914·10−4 Å is the total scattering length of
D2O, and VD2O=30 Å3 is the volume of one D2O molecule. A hydra-
tion shell of 8 water molecules per lipid head in our case is in good
agreement with the number of 7 water molecules reported for
DMPC membranes at 30 °C [47,48].
The scattering length density of the 10 Å thick aqueous interlayer
is identical to the experimental scattering length density of the liquid
D2O fronting phase. Hence, it exclusively consists of water. The fact
that its SLD deviates from the calculated SLDD2O=6.37·10−6 Å−2
is attributed to a minor contamination of the liquid fronting phase
by light water, H2O, from preceding cleaning procedure of the sample
cell lowering the purity to 98% D2O.
Literature reports adsorbed lipid lamellae in Lß' state, i.e. withmole-
cules tilted off the surface normal by tilt angles τ≥30° [30,38,49]. The
molecules' tilt results in bilayer thickness, dbl≤43 Å and hydrocarbon
(lipid tails) slabs, dt≤27 Å in case of DMPC. The thickness of the
DMPC ad-layer (ﬁrst adsorbed lipid bilayer) in our case is larger than
that found in literature. Detailed inspection reveals a similar thickness
of the headgroup slabs, but an increased thickness, dt=34 Å, of the hy-
drocarbon (lipid tails) slab in our system. The maximum thickness of
the hydrocarbon layer, i.e. the thickness calculated on base of upright
molecules (τ=0°) is dt,max=2·(1.5+12·1.27)=34 Å. With the two
headgroup strata neighboring the central hydrocarbon slab the totalthickness of the ad-DMPC bilayer in our case is 57 Å at 21 °C (see
Table 1) corresponding to a lipid lamella in its Lβ state.
All additional lipid bilayers in the oligo-lamellar stacks show the
same thickness of hydrocarbon and headgroup slabs of 34 and
2×10 Å, respectively. With the interstitial water layer of 10 Å thick-
ness between adjacent bilayer membranes the resulting d-spacing
of the oligo-lamellar lipid stack is 64 Å. Although this d-spacing corre-
sponds to the d-spacing observed for the Pβ' state of DMPC+water
bulk suspensions at 20 °C [50], we deduce from the data that it is
brought about by lipid bilayers with upright lipid molecules in combi-
nation with the interstitial water layer in our case.
Thus, the detailed analysis shows that—in concordance with liter-
ature—the occurrence of the ripple phase Pβ' at the interface is
suppressed. We conclude that our solid supported DMPC oligo-
bilayer system is in its Lβ phase in the temperature range
21 °C≤T≤24 °C.
After raising sample temperature from 21 °C to 26 °C and thus
crossing the main phase transition temperature TM at 23.5 °C [51]
from gel-like Lβ to liquid-like Lα the oligolamellar lipid coating de-
tached from support. It was only the surface-attached ﬁrst lipid bi-
layer that remained bound to the solid substrate with increased
lipid fraction, i.e. reduced number of water-ﬁlled defects within the
plane of the lipid bilayer as estimated from the concurrent reduction
in SLD of its tail stratum. Terminal (outer) and core lipid lamellae of
the original coating were irreversibly lost into the aqueous fronting
phase. We have a strong indication from previous experiments that
the observed unbinding process and the subsequent irreversible de-
tachment of the oligolamellar lipid coating from support is linked to
the main phase transition of the lipid molecules [52]. For mul-
tilamellar DMPC ﬁlms against excess water differing results have
been reported. Vogel et al. observed thermal unbinding as indicated
by detachment and loss of a DMPC multilayer coating from silicon sup-
port at a temperature T* of 95 °C [30], while Harroun and co-workers
found DMPC multibilayers further aligned to the solid–liquid interface
and stable even after unbinding at T* with the unbinding temperature
coupled to TM [29]. The origin of this discrepancy is unclear but might
be related to a difference in thickness or defect structure of the mul-
tilamellar coatings.
The observation of a decoupling of unbinding and detachment is
in line with our results on multilamellar DMPC coatings against
heavy water as achieved by ATR-FTIR. From the shift in wave num-
bers of the –CH2– vibrational modes upon heating the sample from
21 °C to 26 °C it is evident that the lipid molecules undertook the
transition from their gel-like Lβ to their liquid-like Lα state [34],
while from the reversibility (data not shown) and the pure exis-
tence of the absorption peak in the chain-disordered state of the
lipid coating at T>TM it is clear that the multilamellar DMPC
ﬁlms as opposed to the oligolamellar ﬁlms do not detach from sup-
port at high temperature.
4.2. Lipid coatings incubated in a solution of HA in D2O
The presence of hyaluronic acid in the excess water phase has a se-
vere impact on the oligolamellar lipid coating already in its gel-like
state. A new phase develops with time. A lamellar spacing twice that
of the Lβ state is observed 6.7 h after incubationwith HA. The integrated
scattering intensity of the new phase, Lp, grows linearly with time on
the expense of the scattering intensity of the gel-like state of the
solid-supported DMPC ﬁlm (Figs. 3 and 4). Hence, the two phases, Lp
and Lβ, co-exist in the DMPC coating with fractions varying with time.
From the linear growth behavior of the fraction Ap and A=A1+Ap
being constant (A=0.75) one estimates completion of transition from
Lβ to Lp at a constant temperature (20 °C) within the lipid coating
after 328 h (~14 days) with a ﬁnal d-spacing of ca. 218 Å.
Similar observations are reported for the interaction of a
hydrophobically modiﬁed polysaccharide with the bulk lyotropic Lα
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of Lα phase and a new, highly swollen Lp phase was observed.
In contrast to the behavior of the oligolamellar lipid system
against pure D2O, a heavily swollen, highly ordered, uniform and sta-
ble oligolamellar lipid coating was observed in the presence of HA at
39 °C (T>TM). The applied box-model ﬁt (see Table 1 and Fig. 5) pro-
vides a description of the interfacial coating in that state. At 39 °C and
after 43 days of equilibration time the lipid ﬁlm transformed fully to
its monophasic Lp domain. On the basis of ideal dilution, i.e. no
change of partial volumes in the system upon mixing, the observed
d-spacing of 247 Å corresponds to a volume fraction ΦDMPC of 0.183.
In the Lp state at 39 °C the individual DMPC bilayers are much
more apart from each other than in their Lß state without HA. Al-
though the thickness of head groups and tail strata compare well
with the values extracted for the reference coating against pure
heavy water (sample A), there is an increase in their respective scat-
tering length density (see Table 1). This increase is potentially cau-
sed by a higher volume fraction of D2O in the lipid bilayer leaﬂets
of sample C, or alternatively by the contribution of both, D2O and
HA to that volume fraction. In the latter case the description of the
SLD of the respective layer contains the two unknown volume frac-
tions ϕD2O and ϕHA of D2O and HA, respectively, within one equation.
Hence, ϕD2O and ϕHA cannot be further disentangled within the
available set of data.
The situation is different for the extra layer sandwiched between
pure aqueous interlayers and head group strata. This layer is com-
posed of a binary mixture of HA and D2O. Hence, by applying
Eq. (13) the corresponding volume fraction of HA in that layer is
23% HA and 77% D2O, using the extracted values from the box
model ﬁt. The SLD of the D2O used in the experiment was experimen-
tally determined to SLDD2O=6.03·10−6 Å−2 or 95% purity.
The enrichment of HA in the boundary layer adjacent to the lipid
head groups is also revealed by the Fourier analysis of the neutron re-
ﬂectivity experiments. From the difference proﬁle shown in Fig. 6 HA
concentration is highest in the interstitial water layer adjacent to the
lipid membrane at z=43.8 Å (12% HA and 88% D2O) with decaying
amounts of HA through the head group region into the tail strata
(z→0 Å) and also decaying amounts of HA into the large aqueous
interlayer (z→±100 Å). For comparison, the volume fraction of HA
calculated from the box model is 11% higher. In addition, the distance
of the center position of the HA layer from the center of a bilayer
membrane calculated from the box model ﬁt is 33/2+10+22/
2=37.5 Å (see Table 1). Hence, the positions of maximum HA con-
centration differ by Δz=6.3 Å dependent on type of analysis. We at-
tribute the uncertainties in position and amount of HA to the limited
experimental resolution.
Although the effect of HA on the lipid system as seen by neutron
reﬂectivity was dramatic, there was almost no further indication of si-
multaneous changes of the conformational state of the lipids upon in-
cubation with HA from the ATR-FTIR measurements. The vibrational
frequencies of all investigated groups in the head and tail strata
remained unchanged, except the PO2 vibration which differed by
7 cm−1 for multi- and oligolamellar DMPC stacks and in addition,
vanished after incubation with HA for the latter systems. This obser-
vation might indicate a direct interaction of HA with the head groups
of the oligolamellar stacks. However, further experiments with an ex-
perimental set-up not hindered by the absorption of the large silicon
crystal used here are necessary to conﬁrm that effect. In conclusion,
although there is attraction of HA to the lipid membranes [54–56] a
direct binding to the lipid head groups via electrostatic or hydrogen
bonding cannot be proven. The interaction between HA and the
lipid membranes is on the one hand weak enough to keep the lipids
unchanged in a chain-disordered state for T>TM, while on the other
hand the interaction is strong enough to prevent unbinding and de-
tachment of the lipid membrane stack from support in its chain-
disordered state.It is relevant to ask how stability is achieved in the lipid coating in
its Lp state, keeping in mind that the same oligolamellar lipid coating
detaches from the substrate when heated above TM in the absence of
HA. According to DLVO theory at least three different forces have to
be taken into account when describing the interactions between the
individual lipid membranes in a stack: [57,58] Van der Waals (vdW)
forces of the opposing surfaces, hydration forces of the opposing
head group layers and electrostatic forces between negatively
charged HA molecules, adsorbed at opposing membranes. The attrac-
tive van der Waals force between two lipid membranes separated by
an interstitial water layer of width dw scales with−dw−3 and is con-
tributing up to bilayer separations of 25–30 Å [59]. This force is in part
balanced by the hydration force which decays as e−dw=λ0 . The latter
force is purely repulsive and short-ranged with a decay length λ0 of
about 2 Å [53,59]. Hence, the major counterpart of the vdW force
must be the electrostatic double layer repulsion generated by charg-
ing up opposing bilayer membranes. This is achieved by the enrich-
ment of the negatively charged HA in the opposing HA layers. In
addition, long-ranged steric repulsion of the conﬁned macromole-
cules might contribute in the same direction.
Charging up and subsequent swelling of bulk lyotropic lipid phases
was reported before. In the system di-palmitoyl-phosphatidyl-choline
(DPPC)/water a repeat distance dl of about 150 Å was observed in the
lamellar phase in the presence of 10 mM MgCl2 by X-ray diffraction
[60]. A modiﬁed DLVO theory taking into account vdW-interaction of
the membranes, hydration interaction of the membrane surfaces and
electrostatic interactions caused by the Me2+ ions adsorbed to the
membrane surfaces was able to reproduce the experimental results
[61]. The theory predicted possible static repeat distance dl up to
250 Å [61,62]. The lamellar repeat distance dl of our system of 247 Å
at 39 °C falls within that range and could be caused by such effect.
The repeat distance of 247 Å was measured after 240 h equilibra-
tion time and hence is presumably the swelling limit of our system.
The additional charges introduced are localized on the polymer
chains of HA. Hyaluronic acid, as other polymers, is expected to
adopt looping and bridging conformations [63], which give rise to ad-
ditional repulsive and steric (attractive) interactions. Fig. 9 illustrates
possible conﬁgurations of the interfacial system DMPC+HA against
excess water in its Lp state. Within that model, one side of the HA
polymer anchors in the hydrophilic or hydrophobic slab of a lipid
membrane and the other side either anchors in the same membrane
(looping) or the adjacent membrane (bridging) [64,65].
We observed high HA concentration, by a factor of 50 larger than
the bulk concentration, in the boundary region of the lipid mem-
branes and the respective interstitial water layers. That enrichment
could be due to looped and/or anchored HA chains. Maximum swell-
ing, on the other hand, was expected to be of the order of the end-to-
end distance RE of a free HA chain in solution, which according to
Kuhn [66] scales as
RE ¼ a· N−1ð Þ3=5 ð15Þ
with the size a of a monomer unit and the degree of polymerization, N.
From the measured mass density of 1 g/cm3 [33] and the molecular
weight of amonomer unit of 378 Dawe estimate a to be 10.6 Å presum-
ing a spherical shape. The hydrodynamic radii RH of HA reported from
literature are RH=116±10 Å for Mw=85,000 g/mol and RH=170±
20 Å for Mw=160,000 g/mol, respectively. With RE=2RH the
corresponding end-to-end distances RE are 232±20 (85,000 Da) and
340±40 Å (160,000 Da) [67]. By applying Eq. (15) with a=10.6 Å we
calculate respective values RE of 272 (85,000 Da) and 398 Å
(160,000 Da) in reasonable agreement with the measured values from
literature. In our experiments we used HA with an average Mw of
769,000 Da. According to Eq. (15) RE is 1024 Å in our case. That number
is by a factor of 4 larger than the measured repeat distance dp. Hence,
the individual lipid lamellae are not simply separated by Gaussian
Fig. 9. Schematic of a lipid membrane together with two different polymer conﬁgura-
tions: (1) bridging and (2) looping [70].
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anism limiting the observed swelling is more complicated. HA mole-
cules might deform and adsorb exclusively to the head group regions,
or in addition enter the chain regions of the lipid membranes or even
span across bilayer leaﬂets. Which option applies cannot be answered
at present on the basis of the gathered data. All routes seem possible:
anchoring in the head group region of the lipid membrane is likely
from the observed variations in SLD in the corresponding slabs and is
also known from other di- and polysaccharides [68,69,53]. HA also
forms hydrophobic patches [63], which could be anchored in the hydro-
phobic tail regions of lipid membranes. This way a single polymeric HA
chain of about 2000monomer units on average in our case could easily
span and thus crosslink several adjacent DMPC membranes in the
heavily swollen state of the oligolamellar coating at the solid–liquid in-
terface at temperatures above TM. Different stretching of HA molecules
in the hydrophobic lipid core and in the boundary region of lipid
headgroups and aqueous interlayers would then hold for the observed
enrichment of HA in the latter boundary region. The intruding HA
would transform the lipid coating into a spatially restricted lamellar hy-
drogel coating. Such network-like structures are reported for bulk
lyotropic phases of DMPC in the presence of double-end anchored
polymer-surfactants and aqueous suspensions of phospholipid vesicles
in the presence of HA [70,71]. The observed swelling limit is 1/4 of the
end-to-end distance of our high molecular weight HA. Thus it is rather
likely that HA chains do bridge adjacent bilayer leaﬂets.
From the conducted experiment it is evident that high molecular
weight HA stabilizes the oligolamellar DMPC coating on its solid sup-
port against the excess ﬂuid phase at physiological temperature
where—in the absence of HA—detachment and irreversible loss of
the lipid coating is observed. Similar effects are reported for the non-
ionic polymer PEG 300 which can also prevent unbinding of fully hy-
drated oligobilayers of DMPC from the substrate at 43 °C [18].
However, addition of PEG 300 to the excess liquid phase reduces
the d-spacing of the oligo DMPC membranes from 63 to 57 Å. On
the contrary, upon addition of HA to the excess liquid phase, the d-
spacing of the oligo membranes increases from 65 to 247 Å. Hence, al-
though PEG 300 does stabilize the oligo membranes the underlying
mechanism of stabilization by PEG 300 and high molecular weight
HA are very different. The latter effect is considered very important
for osteoarthritis (OA) where in investigations on mammalian hip
(human) and knee joints (human, sheep) it was found that the outer-
most lubricating layer of SAPL deposited onto articular cartilage is de-
ﬁcient in OA [72,73].
There is further a signiﬁcant difference in the response of oligo-
and multilamellar DMPC stacks to incubation with hyaluronic acidin D2O. While the oligolamellar system swells almost instantly, even
at non-physiological conditions (a d-spacing of 137 Å is observed al-
ready after 7 h at 20 °C in a 12% fraction of the lipid stack), the re-
sponse of the multi-lamellar system is much slower and in addition
dependent on the phase state of the lipid system. In the latter case a
d-spacing of 126 Å is observed after 116 h at 26 °C stemming from a
fraction of about 4% of the multilayer stack after cycling the sample
between 20 and 30 °C (data not shown).
We attribute the very fast response of our oligolamellar lipid sys-
tem to the fact that, due to its fabrication by spin-coating, it contains
holes into which the aqueous solution can easily penetrate. These
pores in the lipid lining are very likely the onset sites of detachment
from support at physiological conditions in the absence of HA. One
might presume similar structural defects in damaged biological
SAPL linings on articular surfaces in the early stage of OA. Hence,
the observed swelling and stabilization of our lipid model system at
physiological conditions in the presence of HA might serve as a po-
tential model of HA-SAPL interaction for intraarticular injections of
SAPL+HA mixtures, which were found to protect pre-conditioned
articular cartilage from degenerative changes [4].
Whether or not those HA-stabilized DMPC ﬁlms on solid sup-
port possess peculiar lubrication properties and show related
pressure effects, i.e. reversible dehydration under load, is subject
to future studies.5. Conclusions
Solid-supported oligolamellar DMPC coatings against excess water
and excess solution of HA in water, respectively, were utilized as
model systems for lipid-coated cartilage/bone or lipid-coated artiﬁ-
cial implants exposed to the ﬂuid environment in mammalian joints.
From the conducted neutron reﬂectivity and infrared spectroscopy
experiments insight was achieved on the structure, stability and in-
teraction of the interfacial lipid coatings with the respective liquid en-
vironment on the molecular scale. When exposed to pure D2O at
21 °C, i.e. below the main phase transition of DMPC, the coatings
showed a lamellar spacing of 65 Å characteristic of the Lβ state of
the lipid system. Heating to 26 °C resulted in unbinding and irrevers-
ible loss of all lipid bilayers except for the one lipid lamella directly
adsorbed to the surface of the silicon support. On the contrary,
when incubated in the solution of HA in D2O and heated to physiolog-
ically relevant temperature of 39 °C the interfacial lipid system
adapted a new stable lamellar state with d-spacing of 247 Å. This
new state of the solid-supported oligolamellar DMPC system against
excess aqueous solution of HA in D2O is found similar to the Lp
phase observed in bulk ternary DMPC/pullulan/water systems [53].
The formation of an interfacial hydrogel layer from DMPC and inter-
linked high molecular weight HA seems likely. The new state of the
lipid coating in the presence of HA might exhibit important joint lu-
brication and protective wear functionalities. Our ﬁndings might
thus be related to the results of a recent in vivo study of the effects
of a mixture of high molecular weight hyaluronic acid and phospho-
lipids on joint lubrication and articular cartilage degeneration by ex-
perimental osteoarthritis in rabbits [4]. In that study it was found
that animals that were subjected to intraarticular administrations of
high molecular weight HA and lipids showed a tendency of reduced
damage to the articular cartilage.Acknowledgements
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